Abstract. In order to understand the fast ionization process behind the strong shock wave observed in the previous shock-tube experiment, we measure the transient plasma properties in the precursor region by means of the triple-probe method with the high signal/noise ratio and time resolution. Using nitrogen as the test gas, the electron density in the precursor is observed to increase very quickly as the shock wave approaches, while the electron temperature is almost uniform ahead of the shock wave. The electron density is found to depend strongly upon the shock velocity, while the electron temperature is less sensitive to the shock speed. At the shock velocity of 12.4 km/s, the electron density amounts to 10 19 m~3, and the electron temperature is 7000 K at 20 mm ahead of the shock wave. Such a large number of electrons are considered to allow the much more vigorous electron-impact ionization even immediately behind the shock wave than expected by the conventional ionization models behind the shock wave.
INTRODUCTION
Ionization processes behind a strong shock wave may have significant influences upon the heat flux transferred to the surface of spacecrafts reentering into the atmosphere, especially at high reentry velocities such as the MUSES-C asteroid sample return capsule, because the major part of the heat flux becomes to be transferred by diffusion of charged particles as the degree of ionization in the shock layer increases. In the previous experiment [1] , we have found a large number of electrons existing even immediately behind the shock wave, which can never be predicted by the ionization models widely used to compute the nonequilibrium hypersonic aerothermodynamics of reentry vehicles. In Fig. 1 shown is a typical example of the measured electron density at a shock velocity of 12.6 km/s with nitrogen as the test gas, in which the solid curve representing the numerical values predicted by the Park model [2] shows severe errors immediately behind the shock wave.
Park's ionization model is originally developed for the moderate reentry velocities below 8 km/s, such as the reentry from LEO. In his chemical kinetic model, ionization in the nitrogen gas occurs essentially through 4 sequential processes; 1) production of N by dissociation, 2) production of primary electrons by associative ionization, N+N-» N^+e, 3) electronic relaxation to increase the electron temperature, and 4) electron-impact ionization of N. It is in the last stage that the electron density increases significantly through the so-called avalanche ionization. Using this model, because the electronic relaxation is relatively slow, the electron density cannot increase as quickly as observed in the experiment. In order to account for the experimental results, it seems to be necessary to introduce another mechanism. We consider that such fast ionization is brought about by electrons existing ahead of the shock wave, which may come from behind of the shock wave by diffusion, and may be produced by photo-ionization. Therefore, in order to clarify the fast ionization across the shock wave, it is necessary to measure the transient plasma properties in the precursor region of the shock wave.
EXPERIMENTAL METHOD
The strong shock wave is generated in a free-piston double-diaphragm shock tube at IS AS, which can generate a strong shock wave at the maximum velocity of 14 km/s in the ambient air at 0.3 torr [3] . The flow channel of the test section has a 35x35 mm square section.
In order to measure the plasma properties ahead of the shock wave, we use the triple-probe method [4] based on the fundamental electrostatic probe theory. This is because we can resolve high-speed transient phenomena in the shock tube together with fine spatial resolution, using a relatively simple setup. Contrary to such convenience, much attention should be paid to derivation of the plasma parameters from the measured probe current or voltage, because inaccurate modeling of the objective plasma can result in significant errors of the derived plasma parameters. In the present study, the following assumptions are introduced to the precursor plasma under consideration:
(1) The plasma is electrically quasi-neutral except for the sheath region surrounding the probe, ( 2) The thermal velocity of electrons and ions is in the Maxwell distribution, (3) Sheath thickness around the probe is as small as or smaller than the electron mean free path, (4) The streaming velocity of plasma against the probe is sufficiently smaller than the mean thermal velocity of ions and that of electrons.
Because the effective cross-section of the probe for charged particles is dependent on the streaming velocity of plasma around the probe, the basic theory of the electrostatic probe fails behind the shock wave. Therefore, the present measurement only applies to the precursor plasma whose the streaming velocity is negligibly small. In order to minimize the influence of the probe potential on the effective capturing area of the probe, used is the plane probe which is made of copper covered with a 50-^m-thickness insulator sleeve, as shown in Fig. 2 . In a rough estimation, the sheath thickness is at the order of 0.1 mm, assuming that the electron temperature and the electron density lie in the order of 1 eV and 10 18 m~3, respectively, in the ambient nitrogen as the test gas at 0.3 torr and 300 K. Considering this, the diameter of the probe is set to 2 mm. Three probes are separated at a 5-mm distance each other, and inserted normally into the flow as shown in Fig. 3 . This geometry reduces the electron photo-emission from the probe surface, and allows three probes to contact with the plasmas having the common plasma properties, because the plasma properties are considered to be uniform in the direction normal to the center axis of the shock tube. In order to eliminate the influence of the wall, the tip of the probe is located more than 10 mm away from the wall, as shown in Fig. 3 . The shock arrival is detected by the laser schlieren setup [3] , which correlates the distance between the probe and the shock wave.
Using the original triple-probe technique [4] , we found that the output signal corresponding to the probe current often suffers from the fatal noise due to electric isolation of the probe circuit from the instruments measuring the probe current. In order to avoid this, the probe circuit is modified as shown in Fig. 4 , in which the probe potential is measured from the ground potential by means of sensors having high impedance. Here the electric resistance RI should be made much larger than R% and R$ in order to realize ji + j2 + Js ~ 0, i.e., the condition for quasi-isolation of the probe circuit. From the preliminary measurement of the precursor plasma parameters, R<2 and R% are set to 1.00 kQ, while RI is set to 1 MQ. For the power supplies, E^ and £"3, Once the probe voltages (Vi to Va) are obtained, the corresponding probe currents (ji to js) are evaluated consequently, using a relationship of ji +j2 -fjs = 0. For plasmas having the Maxwellian velocity distribution, the total current running into the individual probe is given by [5] (i)
where a = Ti/T e is the parameter, S is the effective capturing area of the probe, and <j > is the electric potential of the probe measured from the plasma potential. Because the parameter a cannot be determined self-consistently in the basic triple-probe method, it is assumed to have a certain value varying from 0.01 to 1.0 in the present study to take account of uncertainties in ion temperature. The relation between the characteristic curve of the probe and the measured probe voltages is illustrated in Fig. 5 . Here, V g is the ground potential measured from the plasma potential. The electric potential of the probe is correlated with the measured probe voltage by for j = 1 to 3 Let Eq.(l) be applied to three probes with substitution of Eq. (2) for 0^, and the nonlinear simultaneous equations are finally solved for the electron density, the electron temperature, and the ground potential measured from the plasma potential. The above method fails on arrival of the shock wave, because Eq.(l) can only apply to the plasma which is not rapidly streaming, and also because the probes are seriously damaged by a high stagnation pressure behind the shock wave. For a proper measurement, the electric potentials of three probes must be distributed in the range of 0 < 0. Therefore, E" 2 , £"3, RI, R^ and R% in the probe circuit should be selected properly according to the plasma under consideration.
EXPERIMENTAL RESULTS
The experiment was done using nitrogen (purity better than 99.99 %) as the test gas. The shock tube was operated by changing the ambient pressure of the test gas ahead of the shock wave, in order to change the incident shock velocity correspondingly. For example, the ambient pressures of 0.300, 0.550, and 0.900 torr can generate the nominal shock velocities of 12.5, 11.0, and 10.0 km/s, respectively. The probe current was not clearly detected in the precursor region when the shock velocity is below 8 km/s, and began to increase rapidly with increasing the shock velocity. A typical example of the measured probe voltages is plotted in Fig. 6 against the position relative to the shock wave, which is scaled as the negative value in the upstream direction. Using these probe voltages, the probe currents are obtained as shown in Fig. 7 . The sensitivity of the oscilloscope is adjusted so that it can maintain a high signal/noise ratio in a wide area of the precursor plasma. However, because the output voltages change drastically as the shock wave approaches, it is inevitable for the output signals to exceed the capacity of the oscilloscope at a close vicinity of the shock wave. In the case of Fig. 6 , the signal from the probe 2 is saturated at a 20-mm distance ahead of the shock wave, and the probe current cannot be obtained beyond this range consequently.
The electron temperature calculated for the case of Figs. 6 and 7 is plotted in Fig. 8 . The electron temperature is found to increase slightly as the shock wave approaches. It is difficult to accurately estimate errors in evaluating the electron temperature in the triple-probe method currently used. Most probable errors may originate from non-Maxwellian nature in the electron thermal velocity distribution, and from collisions in the sheath surrounding the probe surface, both of which are not incorporated into the plasma model. Because of the weakly ionized plasma with a degree of ionization typically much less than 10~4, electrons collide most probably against nitrogen molecules, which essentially involves a change of kinetic energy of electrons. This effect is estimated to bring about less than ±15 % errors in evaluating the electron temperature. On the other hand, electron collisions in the sheath is known to increase the effective capturing surface of the probe, resulting in overestimation of the electron temperature. Because of the low ambient pressure of the precursor plasma, errors due to this effect are estimated to be less than 5 %. As a whole, the measured electron temperature is considered to suffer ± 20 % fundamental errors due to inaccuracy of the plasma model. In addition to these fundamental errors, instrumental errors, originating from a decrease of the signal/noise ratio, come to increase along with the distance ahead of the shock wave. In the case of Fig. 8 , such errors are negligible within a 70-mm distance from the shock wave, but the total errors exceed 50 % in the region more than 150 mm ahead of the shock wave, so that they are excluded from the figures. On the other hand, the electron density calculated using the data of Figs. 6 and 7 is shown in Fig 9. In contrast with the electron temperature, errors in evaluating the electron density are mainly attributed to uncertainty of the ion temperature, or a introduced in the present study. In the weakly ionized plasma under consideration, the ion temperature is considered to be much lower than the electron temperature, and to be close to the temperature of molecular nitrogen, because the energy exchange between ions and molecules is more frequent than that between ions and electrons. To take this into consideration, the electron density is plotted for a = 1.0, 0.1, and 0.01 in Fig 9 , which corresponds to a decrease of the ion temperature in this order. The electron density is found to be insensitive to a, that is, a decrease of a by the factor of one hundredth increases the electron density only by an order of magnitude. Considering that the electron temperature is expected to lie between 6,000 and 10,000 K as shown in Fig. 8 , while the initial temperature of the ambient nitrogen gas is the room temperature, the practical electron density is considered to lie between two curves produced by a = 1 and 0.01. In contrast with the trend that the electron temperature very slowly increases as the shock wave approaches as shown in Fig. 8 , the electron density increases gradually at first, then rapidly within a 50-mm distance ahead of the shock wave.
The electron temperature distributions for three shock velocities are plotted in Fig. 10 in comparison. In the present measurement, the shock velocity is decreased by increasing the ambient pressure ahead of the shock wave. As the ambient pressure of the precursor plasma increases, the assumption of the Maxwell distribution for the electron thermal velocity, and neglect of collisions in the sheath surrounding the probe surface, come to have serious influences on the accuracy of the plasma model currently used. Therefore, a decrease of the shock velocity involves an increase of the fundamental errors in evaluation of the electron temperature. For the case of 10.0 km/s, such errors are expected to be as much as ± 40 %. If we exclude the case of 10.0 km/s for its inaccuracy, the electron temperature is considered to be almost independent of the shock velocity, and almost uniform in the precursor region, or slightly increase as the shock wave approaches, as seen in Fig. 10 .
Electron densities for three shock velocities are plotted for a = 0.1 in Fig. 11 . All the electron density profiles show the similar trend, that is, they first increase gradually, then rapidly as the shock wave approaches. In contrast with the electron temperature, the electron density is found to strongly depend on the shock velocity. The electron density increases along with the shock velocity, however, it is interesting to see that the gap of two curves for V =10.0 and 11.0 km/s is larger than that for V =11.0 and 12.4 km/s, although the velocity increment is larger in the latter case. This feature may be attributed to the nonequilibrium phenomena behind the shock wave. Because the electron temperature in the precursor plasma is not high enough to ionize the precursor gas by electron-impact ionization as much as observed in the experiment, electrons in the precursor are considered to be produced by photo-ionization, making use of the radiation power from the high-temperature gas behind the shock wave. As the shock velocity is raised by decreasing the ambient pressure, the electronic temperatures, which are closely related to the radiation intensity of photons having the sufficient energy to photo-ionize the gas, become not to be allowed to increase as quickly as the translational temperature due to thermal nonequilibrium effects.
DISCUSSION
In order to understand the behavior of the electron temperature observed in the experiment, we utilize a simple one-dimensional analysis along the direction of shock propagation. Using a coordinate system moving with the shock wave, the precursor plasma is regarded as the steady-state flow transferring at the unique shock velocity, V. Thus, the continuity of the electron density is given by (3) dx where x is the coordinate in the direction of shock propagation, Vd is the mean diffusion velocity of electrons, and u;+ and o;_ are the net production and loss of electrons per unit volume and unit time. Even if we assume the ambipolar diffusion for charged particles, the diffusion velocity of electrons from behind the shock wave is expected to be negligibly small compared to V in the plasma under consideration. In addition, according to Tomsons's theory [6] , ci;_ is described by the three-body recombination, and its magnitude is estimated to be less than 10 21 m~3s~1, while the left hand side is estimated to be as much as 10 23 m~3s~1 for the experimental results of V = 12.4 km/s and a = 1. Therefore, the electron density profile is almost related to the net production rate of electrons, that is^
On the other hand, the continuity of the electron energy is given by
In the right-hand side of Eq. (5), the first term is the energy acquired from the electric field, the second is the energy produced in ionization where T 0 is the mean electron temperature given to electrons when they are produced by photo-ionization, the third is the energy loss due to ionic recombination, and the fourth is the energy loss due to collisions against heavy particles. The first and the third term are found to be much less than the second and the fourth for the precursor plasma observed in the experiment. Neglecting these terms, and substituting Eq.(4) for u;+, Eq.(5) is finally transformed to dT e dlnne T e «i/ Here, dQnn^/dx is a function which in general increases slowly along with x, as recognized from Fig. 11 for example. It is understood from Eq.(6) that, the electron temperature is not allowed to increase beyond T 0 because dT e /dx becomes negative, which decreases the electron temperature as x increases. Even if T e < T 0 , the increase of the electron temperature can be suppressed because the second term in the right-hand side of Eq.(6), which is strongly dependent on T e , quickly decreases dT e /dx as the electron temperature increases along the x-coordinate. Contrary to this, when the electron temperature is much less than T 0 , the second term is negligible compared with the first, which makes T e quickly increase toward T 0 . In this way, the electron temperature is automatically maintained slightly lower than T 0 in the wide range of the precursor region. From a CFD analysis of the shock tube flows [7] along with a radiation analysis using the radiation code SPRADIAN [8] , the mean electron temperature at production by photo-ionization is roughly estimated to be T 0 < 12, 000 K, which is slightly higher than the electron temperature observed in the precursor region. Therefore, the profile of the electron temperature obtained in the present experiment is well explained by the above model.
SUMMARY
The transient electron temperature and density distribution are measured in the precursor region of the strong shock waves generated by the shock tube. In order to resolve high-speed phenomena together with fine spatial resolution, the triple-probe method is used in success. At the shock velocity of 12.4 km/s, the electron temperature is evaluated with ± 20 % accuracy within a 70-mm distance ahead of the shock wave, however, the accuracy becomes to be degraded as the distance from the shock wave increases and the shock velocity decreases. On the other hand, the electron density is measured with uncertainties of an order of magnitude because the ion temperature cannot be determined self-consistently.
The electron temperature in the precursor region is found to slightly increase as the shock wave approaches, and to be almost independent of the shock velocity. On the other hand, the electron density is found to increase gradually at first, then rapidly with approaching the shock wave. In contrast with the electron temperature, the electron density increases significantly along with an increase of the shock velocity. Such features of the electron temperature and density are well explained qualitatively by the one-dimensional analysis. The electron temperature is subject to the mean electron temperature at production by photo-ionization, T 0 , and to the collisional energy loss against heavy particles in the precursor region. The electron temperature is automatically maintained slightly lower than T 0 due to the strong dependency of the collisional term on the electron temperature.
From the present measurement, not quite a few electrons are found to exist in the precursor region of the strong shock wave, and quickly increase with approaching the shock wave. These electrons ahead of the shock wave are considered to be a candidate to bring about the fast ionization behind the shock wave, which is observed in the previous experiment at the shock velocity over 12 km/s.
